Various methods are used to locate cloud-to-ground lightning flashes. Even though a higher cost is incurred, a network of sensor stations is preferable to a single station due to the improved accuracy. For a single station measuring system, the accuracy of its analyses is mostly based on the chosen mathematical equations which can be solved in either linear or nonlinear mode. The sensitivity of the measuring equipment used is also particularly significant. This paper concentrates on the modelling of time of arrival (TOA) technique for locating a lightning flash by utilizing three broadband antennas. Consequently, by employing the developed model, the influences of geometric parameters on the accuracy of the model are evaluated. Therefore, a Matlab based simulation of the measuring system is developed. In the developed codes, randomly located lightning flash with its corresponding electromagnetic radiation was modelled. Results show that parameters such as lightning path shape, distance of the leader, and leader location can directly affect the accuracy of the TOA technique for extracting the azimuth and elevation.
Introduction
Many researches have been done on the modeling of lightning phenomena and its effects. The aims of these researchers are to evaluate, estimate, and analyze various lightning properties and their effects for different applications. Simulation models were developed to cater for all aspects of lightning such as lightning leader and its pattern [1] [2] [3] , lightning electromagnetic field propagation [1, 4, 5] , lightning induced voltage and current patterns on man-made systems [6] [7] [8] [9] , and lightning detection and localization using various sensing techniques [1] . However, most of the published works on lightning related simulation models have their own shortcomings. To the best of the authors' knowledge, the developed models are either too limited for specific applications or suitable for addressing only one or two aspects of the lightning. There exists no simulation that includes all aspects of lightning mentioned above.
Some researches were carried out to simulate the general definition of lightning phenomena such as the work done by Clifford et al. [2] . Clifford et al. describe how to simulate a lightning stroke using laboratory equipment. However, because of the limitation of an actual small scale lightning simulation, a numerical simulation can be adopted instead. The numerical models include the work done by Pulgarín et al. [1] and Wan et al. [3] where a procedure to reconstruct the actual lightning leader path as accurate as possible is described. In addition, the simulation work done by Pulgarín et al. also includes an approach to evaluate the effects of lightning induced electric field on the time of arrival technique. This is carried out by reconstructing the tortuosity of the lightning leader path but without considering other lightning parameters such as the induced voltage or current. On the other hand, Wan et al. evaluate the distribution of electric field at the ground level immediately below the stepped leader using a more accurate lightning leader path model.
Simulations considering only specific aspects of lightning were carried out by many researchers. Simulations of lightning induced current on man-made systems, both in time 2 Advances in Meteorology and in frequency domains, were carried out by Aniserowicz and Maksimowicz [7] , Liu et al. [6] , and Gamerota et al. [10] . Similarly, the work done by Gamerota et al. only proposed a simulation procedure to obtain the parameters of the resulting lightning current waveforms without considering the geometry of the lightning leader path or electric field. On the other hand, the lightning electromagnetic field is the focus of modelling done by Delfino et al. [4] , Shao and Jacobson [11] , and Pulgarín et al. [1] . Simulations of lightning effects on man-made systems were also carried out by Kato et al. [12] and Baba and Rakov [5] . Several specific simulation approaches were developed to evaluate the effect of induced current on fast moving object like aircrafts [8, 13] , or to estimate inrush currents in power distribution transformers [9] . Some other researchers evaluate the lightning effects on power transmission lines [14] by considering at least two lightning aspects. Phillips and Anderson [15] and Jiang et al. [16] evaluate the overhead transmission line shielding by simulating electric field and lightning leader path properties.
One important modeling aspect is on the lightning detection and localization using various sensing techniques. Several attempts [1, [17] [18] [19] [20] had been previously carried out to numerically model this aspect of lightning. There are many available methods to detect and localize lightning. One such method is the time of arrival technique.
Time of arrival (TOA) technique, or time of flight, as it is sometimes referred to, is a technique used to determine the location of a lightning radiation source based on the corresponding arrival times at the measuring sensors. Variations of this technique include the time difference of arrival (TDOA) [21] , time of group arrival (TOGA) [22] , and other methods [23] [24] [25] [26] . Each method is suitable to be implemented for a certain application under a specific condition. One possible way to increase the accuracy of the location is to combine two or more locating methods as one measurement system such as the Angle of Arrival (AOA) technique [27] with TDOA, or the AOA with TOA. However, there are difficulties involved in such combined methods system. For each method, the number of sensor stations is critical since it directly affects the accuracy of the generated results [21] . The accuracy can be further increased by using multistation sensors. Generally, several single stations are located around an area of interest.
The TOA technique is usually based on the measurements of difference of arrival times. An example of this is shown in Figure 1(a) . Three sensors or antennas are used. The originating source of the signal to be detected is enclosed within the sensors.
This technique has various applications including condition monitoring in substations (e.g., partial discharge location within an oil insulated transformer) and the lightning locating system. The number of sensors could be more than three and this actually depends on the source size and strength, as well as on the desired accuracy of detection. The required locations of the sensors are also dependent on the source location. The accuracy of detection is highly dependent on whether the source is in the center of the coverage area or at its perimeter.
The TOA technique can also be realized using sensors which are located close to each other to form short baselines with a maximum length of less than 100 meters for a configuration of three antennas, as shown in Figure 1 (b). The three-antenna configuration will give the azimuth and elevation angles of the signal source (based on trigonometry principles). A fourth antenna, located at a certain distance away, depending on the measuring limitation, can be added to provide the information needed to determine the exact coordinate ( , , ) of the signal source. This TOA technique is usually used for the purpose of lightning location in a small region (10 to 15 km radius). Tantisattayakul et al. presented a three-dimensional lightning discharge mapping system using time difference of arrival for VHF lightning pulses. They implemented the 2-D and 3-D lightning discharge models in space [28] . Cao et al. have developed their short baseline technique for investigating lightning discharges. Their system worked well for close lightning discharges. They analyzed the error estimation and the factors that influence on error values in their research [29] . Mardiana and Kawasaki studied the fast moving electromagnetic (EM) radiation during lightning discharges. As one of the results, a cloud-to-ground lightning discharge has been reconstructed in the two-spatial dimension and in time sequence [30] . Salimi et al. implemented the short base line system for lightning locating system using time of arrival method. Their system could map the lightning discharges in 2-D [19, 20] . Mashak et al. simulated the mathematical models for measurement systems based on TOA method to determine the azimuth and elevation angles [17, 18] . According to Klebesadel et al., some factors that influence the accuracy of the TOA technique are the mathematical models of measurement system adopted, the length of recorded lightning signal, and the origin of the lightning signal (radiation source), waveform reflection due to surrounding structures, and the noise level [31] . Ideally, an accurate TOA based system is implemented in such a way that the effects of all these factors are minimized. The accuracy is very much dependent on the mathematical model used to determine the radiation source. The chosen mathematical model, in turn, may suffer certain errors due to certain simplifying assumptions made during its formulation. A new computer-based ELF/VLF system for locating lightning discharges has been developed by Rafalsky et al. Both the arrival azimuths of atmospherics and the distances to their sources are estimated [32] . Wagenaars et al. evaluated different time of arrival algorithms in order to determine which method yields most accurate location under different circumstances. From the results, both the energy criterion and the phase methods showed the best performance [33] .
One common assumption in this TOA technique is that the distance between the radiation source and the sensor station is very much larger than the distance between the sensors within the station. This is similar to the assumption made for the satellite-ground sensor station. Previous studies calculate the azimuth and elevation angles without even considering the possible errors involved due to previously mentioned factors as well as discrepancies in the analysis. This is critical since those angles were directly used in the determination of the lightning coordinates. This paper aims to evaluate the errors involved in the calculation of the azimuth and elevation angles when using a short baseline antenna configuration. It involves the modelling of downward lightning leaders, the corresponding VHF signal propagation, and the TOA technique for locating a lightning downward leader by utilizing three broadband antennas. The influence of geometric parameters on the accuracy of the developed model is evaluated. The simulated model shows that parameters such as lightning path shape, distance of the leader, and leader location can directly affect the accuracy of the azimuth and elevation angles.
Simulation of Lightning Detection Using Short Baseline Configuration
The simulation of a real lighting signal, taking into account of all physical characteristics, is too complicated to be carried out and it is beyond the scope of this paper. The difficulty of simulation procedure is because of both geometric shape and electromagnetic specifications of a lightning flash. The following procedure shows 12 important steps in the simulation process which can be divided into three main sections, namely, the calculation and plotting of the coordinates along the leader's path (steps (1)- (7)), the determination and plotting of the induced voltage waveforms (steps (8)- (9)), and finally the calculation of the azimuth and elevation angles (steps (10)- (12)). Firstly, we need to determine the lightning leader's path. This is described in the following steps (1)- (7).
(1) Obtain two random coordinates in three dimensional spaces, marked as starting and ending points of a lightning leader ( Figure 2 ):
Starting point E n d i n g p o i n t A n t e n n a 2 A n te n n a 1 A n t e n n a 3 (2) Draw a straight-line by using the parametric equation of a line in 3D between the two points [34] :
where is a parameter with values between 0 and 1. (3) Using the starting point as the reference coordinate:
starting point: ( , , ) = ( , , ).
(4) Obtain an unknown point, say 1 , on the straightline to satisfy the governing equation between antenna 2 and antenna 1 as given by
To solve (2), t needs to be determined (described in (5)), which in turn requires us to solve (3) and (4) . A radiation source can be segmented into infinitesimal portions. Assume a radiation source exists at ( Figure 2 ) and moments later another portion appears at 1 . It is noted that while antenna 2 is capturing the portion at when it is first triggered, antenna 1 may capture the signal at 1 due to the different times of arrival. Equations (3) and (4) describe the relationships between various distances as in Figure 2 . Finally, can be calculated using (5).
Advances in Meteorology Let
Equation (4) shows how far an electromagnetic waveform can travel, first along the main path Δ (from to 1 ), second from point 1 to a destination such as antenna 1. The summation of the two passed path should become the same as the distance where electromagnetic waveform travels from point to the antenna 2.
Then,
The parameters can be obtained as below. Let
(5) Obtain another unknown point, say 2 , on the straight-line to satisfy the governing equation between antenna 2 and antenna 3 as given by (8) and parameter can be calculated using (12) as follows:
(6) Determine a new reference point ( new ) on the straight-line using (13) and parameter can be calculated using (18) .
For a 100 MS s −1 sampling rate, a gap between samples is equivalent to a short electromagnetic wave propagation distance proportional to speed of light. This is finally translated into a 3 m distance as written below:
The parameter can be obtained as below:
(7) Repeat steps (3)- (6) to obtain the desired number of coordinates. The desired number of coordinates is dependent on , which means calculations are stopped when is larger than one.
In each loop (steps (3)- (6)), three new coordinates ( 1 , 2 , and new ) are calculated. This loop for calculating new coordinates should be continued until any (obtained from (5), (12) , and (18)) becomes negative or larger than one. In addition, after each loop, another check should be carried out to ensure the calculation remains valid (calculated coordinates are within the leader length with the starting coordinate ( , , ) and ending coordinate ( , , )) as given in (1) . Therefore, to test the condition (t should remain between zero and one), the rearranged equation number one presented in (19) should be used. In (19) , ( , , ) should be substituted by the coordinates of each 1 , 2 , and new . ( , , ) and ( , , ) values are as in (1):
Advances in Meteorology The variation of parameter from all equations with the iteration number can be seen in Figure 3 . The parameter calculated for each antenna is mostly small (but positive) except at the last tens of iterations. On the other hand, the value from (19) calculated at the end of each loop linearly increases from 0 to 1.
Once the ending coordinate ( , , ) (as in (1)) is reached, sufficient coordinates which represent the path travelled by the leader are obtained. This is shown in Figure 4 .
The next thing to do is to simulate the captured signals by all three antennas as a time varying signal or waveform. This is described in steps (8)- (9) .
(8) Choose a radiation signal waveform to represent a lightning leader.
In this work, a 14.35 kHz sinusoidal waveform was chosen. For a four-cycle signal, an equivalent of 8.362 km distance travelled by the leader was obtained assuming the velocity is one tenth of the speed of light, and corresponding 50273 successive points or coordinates were generated for each channel. We can assume our ending point defined earlier as the coordinate where the leader almost reaches the ground and therefore can be assumed equal to the return stroke coordinate. (9) Determine the magnitude of the captured signal by first calculating the distance between each calculated coordinate and the starting point (this distance in labelled as ).
The captured voltage magnitude at each antenna can then be calculated. In this work, this magnitude is given as sin(8 / ) where is the length of the signal path in m, and is the distance of such a point to starting point as shown in Figure 4 .
By considering all coordinates and hence the values of , a sinusoidal waveform as a function of time is obtained. This is shown in Figure 5 .
Steps ( (12) Calculate the azimuth and elevation angles for each segment of the waveforms. To calculate the azimuth ( ) and the elevation ( ) of a lightning leader by using the shortbaseline TOA technique, the following proposed time based equations are to be used [28] :
The parameter is the length of the short baseline which is 14.5 meters. This section has described the simulation of lightning detection using short baseline configuration. The next few sections discuss the evaluation of the accuracy of the azimuth and elevation angles determination using baseline antennas. In particular, the effects of distance of the lightning leader from the baseline antennas, of the shape of the leader's path, and of the location of the leader with respect to the baseline antennas, on the accuracy of the delay time calculation, are described.
Effects of Distance
In this section, the effects of the distance of the lightning leader from the baseline antennas on the accuracy of the azimuth and elevation angles are described. To determine the azimuth ( ) and the elevation ( ) of a lightning event by using TOA method, the above time based equations (20) and (21) are used.
The origin of the radiation source is assumed to be quite far from the baseline antennas compared to the distance between two antennas, or , as shown in Figure 6 . This is the fundamental assumption made in deriving the equations for and in (20) and (21) . By assuming a very large distance of lightning source, two parallel lines of radiation arriving on two flat antennas can be drawn ( Figure 6 ). However, the derivation of and ( (20) and (21)) based on this parallel line configuration is erroneous for a coverage distance of typical baseline antennas which is about 50 km. A distance of more than 100 km is required for the equations to be correctly used without significant errors.
The delay times ( 21 and 23 ) (for each loop (steps (3)-(6) in Section 2)), which were calculated using (22) , in terms of 1 , 2 , and 3 , are defined as follows:
1 : the distance between new and antenna 1, 2 : the distance between new and antenna 2, 3 : the distance between new and antenna 3,
is the speed of light. and were then calculated and plotted (labelled as calculated) as shown in Figures 7 and 8 .
To illustrate the error, and values were again determined using the known geometric equations as follows:
) . These values of and are the actual values. They are also plotted in Figures 7 and 8 with the "actual" label. As shown in Figure 7 , the calculated using the time delay equation compares well with the actual values using the geometric equation. The error is in the order of hundreds of microdegrees. On the other hand, there is a relatively large error in the case of as shown in Figure 8 . The error is in the order of hundreds of millidegrees. This is translated into hundreds of meter leader distance, which is significant. To evaluate the effect of changing the distance of a radiation source from baseline antennas on the error in and , simulations were carried out with varying leader path location in 1000 steps. The following first and final locations (in meters) were used: A total of 1000 leader paths were generated, and samples of these are shown in Figure 9 .
The average errors for and as the location of the leader is varied are shown in Figures 10 and 11 . The average error for changes from 0.07 ∘ at 700 m leader location to almost 0 ∘ at 4000 km leader location. But, the average error for changes from 0.26 ∘ at 700 m leader location to almost 0.09 ∘ at 4000 km leader location.
The simulation results shown in Figures 10 and 11 give the average error for an azimuth variation from 52 to 62 degrees. To evaluate the model for all azimuth angles and all possible elevation angles, instead of using a line, the simulation was repeated for a circular leader path (to provide a 360 Step movements of the line toward the destination Average of error of per each step movement of the line toward the destination Figure 10 : The variation of (average) error in degrees for with distance (shown in step movements away from the sensor up to 4000 km). azimuthal variation with a resolution of 1 ∘ ) for changing radius of 1 km to 4000 km (with 34 steps), and for variable elevation from 10 ∘ to 87 ∘ (with 8 steps). Figure 12 shows the maximum error of for a 360-degree rotation and the distance from the leader to the antennas varied from 1 km to 4000 km. Each line presented in Figures 12 and 13 represents a unique elevation. Figure 13 shows the maximum error of for all azimuth angles. The evaluation demonstrated in Figures  12 and 13 shows that the maximum error of happens when the lightning leader has an elevation = 87 ∘ , which is high elevation. In contrast, the maximum error of is when = 10 ∘ , which is low elevation. As it will be demonstrated in Section 5, the most severe cases of error in the calculation of and happen in very low or very high elevation, at which conditions the TOA model fails.
Effects of Lightning Path Shape
The effects of the shape of the leader's path on the accuracy of the azimuth and elevation angles are described in this section. Lightning phenomenon occurs in the form of stepped leader and branched streamers as the leader propagates from the cloud to the oppositely charged earth [35] . In the previous section, this path was represented as a linear path. Therefore the delay time calculation based on the peak detection of the antenna voltages can be easily and correctly calculated. However, for the case of nonlinear and complex leader's path, the calculation will be more complicated since the delay times ( 21 and 23 ) are very much dependent on the instantaneous locations of the radiation source. Since the shape and geometry of leader channels affect the accuracy of the signal processing methods, this shape effect must be included in the actual calculation of the angles. Figure 14 shows a lightning leader's path in the form of a helix to simulate a complex leader's path. The helix path was chosen in order to magnify the effect of all possible variations in the leader shape. Figure 15 shows the calculated distance of each point on the helical path shown in Figure 14 with respect to the three broadband antennas. As can be seen in Figure 14 , the distance between a point on the path and a given antenna is oscillating as the calculation is done along the leader's path. In other words, the resultant delay times could be either positive or negative. This is further illustrated in Figure 16 . If the distance of a nominal point to the antenna 1 is 1 and that to the antenna 3 is 3 , then, based on the geometry, in some parts 1 > 3 and in some other parts 3 > 1 . As a result, the time differences, 21 and 23 , dynamically change. Therefore, the calculated distance versus time is also changing dynamically as we expected. Figure 14 is redrawn here. Moving from 1 to 3 , first at 1 , 2 > 1 , then at 2 , 2 = 1 , and finally at 3 , 2 < 1 .
procedure of finding the delay time in such a method as crosscorrelation which is dependent on the definition of a window of digital data as input data for signal processing.
Effects of Leader Location and Locus of Error
In this section, the effects of the location of a given leader's path on the accuracy and even the validity of the calculated angles are discussed. The space surrounding the sensor station can be divided into four quadrants. As previously mentioned, there are limitations of the main equations used in the TOA technique, namely, (20) and (21). It is required to evaluate the validation of those two equations in the 3D space.
To evaluate the validity of the TOA mathematical model, the method was assessed at 360 million points inside of a cylindrical locus expanded from a radius of 100 meters to a radius of 1 × 10 6 meters as shown in Figure 18 . Figure 19 shows the locus in which TOA technique fails because of mathematical limitation of the model. When the argument in (21) is greater than 1 or less than −1, the TOA technique fails.
As Figure 20 illustrates, most errors occur in the third quadrant (258,649 points), followed by the fourth (32,573 points), the second (32,653 points), and the first quadrant (20 points). The errors occur in the simulation as the azimuth changes from 0 ∘ to 360 ∘ and the elevation varies from 0 ∘ to 88 ∘ . The maximum 88 ∘ for the elevation was chosen, firstly because of limitation in (20) , and secondly because a 90
∘ angle accrues at the top of the short baselines. The simulation was set up with steps of one degree for both the azimuth and the elevation. However, for two last degrees of the elevation, very fine steps were necessary. The presented data in Figure 20 does not include errors which may accrue from angles 88 ∘ to 90 ∘ . Figure 21 shows the distribution of azimuth and elevation angles for which the TOA equation cannot be solved. Based on what is presented in Figure 21 , it is necessary to have a complementary measuring equipment to detect the direction of lightning source. Otherwise, correct and accurate detection of the azimuth and elevation cannot be ascertained. That is to say, the system works properly when the cloud-ground discharges are in the first quadrant. In this section and the two previous sections, the effects of parameters such as location, path shape, and distance of a leader were evaluated. Those parameters can be grouped as the natural parameters or characteristics of a lightning leader.
Discussion
The simulation model proposed in this paper addresses the transmission of signals from a lightning leader and the capturing of those signals by a faraway detecting sensor in the form of two short baselines. It also analyses the pattern of arrival and the accuracy of the computed azimuth and elevation angles. To the best of the authors' knowledge, there is no similar previous work that can be used for The work by Gamerota et al. [10] describes the effect of lightning signal models used. For example, a double exponential impulse signal is more representative of the actual lightning signal. However, in the current work, a sinusoidal type signal was used because of two reasons: firstly, to increase the occurrence probability of a nonlinear time delay for the purpose of its evaluation; secondly, because only the time delay of signal arrivals is important in the TOA technique. The shape of induced current can be neglected as long as a proper technique is employed for the nonlinear time delay extraction.
As discussed in Section 4, the effect of lightning path on the time delay evaluation was demonstrated. Previous modeling of a lightning path was carried out by Wan et al. [3] and Pulgarín et al. [1] . Wan et al. propose a comprehensive lightning path model with an accurate geometry. Pulgarín et al. model a lightning channel based on electromagnetic concept with a tortuosity properties. In the current work, a complicated path, such as that shown in Figures 14 and 17 , was used. The effect of lightning path on the captured delay times is similar to what is reported by Pulgarin.
The locus of error in the short baseline TOA model is mapped in Figure 21 . Unfortunately, there are no previous similarly reported results. The results presented in the current work complement the research work carried out by Mardiana and Kawasaki [30] for their proposed lightning locating system using the short baseline technique with three broadband antennas. In the current work, the azimuth and elevation angle equations ((20) and (21)) used by Tantisattayakul et al. or Mardiana and Kawasaki were shown to be influenced by many lightning parameters. The evaluation demonstrated in Figures 11 and 12 shows that has a large error when the lightning leader is at a high elevation. In contrast, the maximum error of occurs when the leader is at a low elevation. In other words, the proposed TOA model fails under both conditions.
In short, the current work has successfully shown the development of a new and complete lightning simulation model taking into consideration many factors such as the effects of various lightning leader parameters. It also addresses the transmission of signals from the lightning leader and the capturing of those signals by a faraway detecting sensor in the form of two short baselines. It also analyses the pattern of arrival and the accuracy of the computed azimuth and elevation angles.
Conclusion
Simulations of lightning signal and its subsequent detection by sensors for the purpose of modelling the time of arrival (TOA) method of lightning locating system using three broadband antennas had been done. Consequently, based on the developed model, the influences of geometric parameters such as lightning path shape, distance of the leader, and leader location on the accuracy of the model are evaluated. The evaluation shows that the parameter, leader distance, has a direct effect on the elevation calculation accuracy in the order of hundreds of millidegrees, which can be defined as a significant value of hundreds of meters of leader distance. Furthermore, the results show that the variation in the leader shape path is a key factor in the procedure of finding the delay time especially in a method such as cross-correlation. Moreover, it is shown that the TOA technique except in the first quadrant fails in some locus of the three other quadrants because of the mathematical limitation of the model. In this study, three broadband antennas with a short baseline configuration were used for lightning detection. The configuration only gives the information of the azimuth and elevation. To mathematically obtain the location or coordinate of a lightning source, for example, a return stroke, a fourth antenna is necessary. Reconstructing the simulation to evaluate the new 4-antenna configuration is an opportunity for future research. In addition, the use of a multistation system, with at least two separate short baseline stations in front of each other, or even a station for each quadrant, can be further explored.
